Salmonella enterica serovar Typhimurium is a facultative intracellular pathogen that causes gastroenteritis in humans and cattle or a systemic disease in mice similar to typhoid fever (reviewed in reference 27). Its ability to invade host intestinal cells is crucial for onset of localized disease following oral ingestion and depends on the production of the type III secretion system encoded in Salmonella pathogenicity island 1 (SPI-1) and of the effector proteins injected by that secretory machine (reviewed in references 11 and 25) . Expression of these invasion genes is influenced by many environmental signals, including osmolarity, oxygen level, growth phase, and the presence of fatty acids and bile salts. These cues act through a complex contribution of many regulatory proteins which somehow influence expression of the major SPI-1-encoded transcriptional regulator HilA. The HilA protein has a helix-loophelix DNA activation domain similar to that in the OmpR/ ToxR family (3, 4) . It activates expression of the invasion genes present in SPI-1 and elsewhere by a direct action at their promoters and also indirectly by increasing the level of another activator protein, InvF (6) . Transcription of hilA is subject to direct or indirect negative control by multiple nucleoid binding proteins, including Hha, H-NS, HU, and Fis (10, 23) , and other proteins, including HilE, Pag, and Ams (5) . hilA transcription is elevated in response to two SPI1-encoded AraC/XylS family transcription factors, HilC and HilD (8, 20, 22) , and to the RtsA protein, which is encoded on another SPI (9) . The HilC and HilD proteins bind to their own gene promoters as well as to at least two regions in the hilA promoter, called sites A1 (positions Ϫ242 to Ϫ182, relative to the start of transcription) and A2 (positions Ϫ85 to Ϫ61) (18, 24) . Although HilC and HilD bind to the same DNA regions, they have different requirements with respect to the sequence and length of their DNA target (18) .
Various models for HilC/D action at the hilA promoter have been proposed from analysis of hilA-lacZ reporters. The expression of 5Ј truncations of the hilA upstream region suggested that negative elements acted upstream of the promoter and that their repressive effect might be overcome by the HilC/D proteins (22, 23) . In contrast, Boddicker et al. (5) found that the HilD protein was required to activate hilA-lacZ transcription even when several negative regulators, Hha, Ams, HilE, and/or Pag, were deleted in combination. Because activation by AraC family members often requires interaction with the C-terminal domain of the ␣ subunit (␣-CTD) of RNA polymerase (RNAP) (examples in references 7, 12, and 15), they also showed that the ␣-CTD L289F variant resulted in greatly decreased hilA-lacZ expression in vivo. Thus, these different studies suggested that HilD could act at the hilA promoter either as a direct activator or indirectly by relieving the action of repressors.
Investigation of the effect of HilC/D on in vitro transcription at the hilA promoter might help resolve these apparently conflicting models by testing whether these proteins affect promoter activity in the absence of other regulatory proteins. We show here that the hilA promoter is active in the absence of repressive proteins, but both HilC/D proteins can further stimulate this activity. The importance of the HilC/D-binding sites in the promoter is determined. The effect of alanine substitutions in ␣-CTD confirms a role of this domain in activation of hilA during in vivo and in vitro expression, but dependence on this domain was found only under certain inducing conditions.
In vitro transcription of the hilA promoter. The in vitro transcription of the hilA promoter by Escherichia coli RNA polymerase and purified His-tagged versions of HilC and HilD was carried out as described previously (18) . Plasmids philA242ϩ90txn, philA-100ϩ90txn, and philA-55ϩ90txn were used as DNA templates. These plasmids carry hilA promoter sequences in which the upstream ends are at positions Ϫ242, Ϫ100, and Ϫ55, respectively, and the downstream ends are at ϩ90. These fragments were amplified by PCR using pINO3 plasmid DNA (18) as template and Vent polymerase, as specified by the manufacturer (New England Biolabs). Sequences of the PCR primers are available upon request; they introduce EcoRI and HindIII sites at the upstream and downstream ends, respectively. Each fragment was ligated into EcoRI-HindIII-digested plasmid pSR (17) , in which the strong Rhoindependent rrnB transcription terminator is downstream of the HindIII site. The sequences of all DNA inserts were verified by automated sequencing at the University of Virginia Biomolecular Research Facility.
The effect of the order of addition of the transcription factors HilC/D and RNAP in single-round transcription of the hilA promoter was examined (Fig. 1) . Supercoiled philA242ϩ90txn plasmid DNA was incubated first with saturating levels of either HilC/D or RNAP for 6 min prior to addition of the other components, RNAP or HilC/D, respectively. After another 6 min, nucleoside triphosphates (NTPs) were added together with heparin to final concentrations of 1 nM DNA template; 50 nM HilC or HilD; 0.25 U of E. coli RNAP (U.S. Biochemicals [USB]); 50 g of heparin (Sigma)/ml; ATP, CTP, and GTP at 200 M; and 40 M [␣-32 P]UTP (2.5 Ci/nmol) in a final volume of 25 l. After 15 min, the reaction was terminated and the products were resolved and quantified by PhosphorImager and ImageQuant analysis (Molecular Dynamics) as previously described (18) . The amount of the hilA transcript of the expected size (22) was expressed relative to the level of the RNA I transcript produced from the plasmid vector in each transcription reaction. Each experiment was repeated at least three times and representative results are shown.
The hilA promoter was efficiently transcribed by RNAP alone in the absence of other proteins (Fig. 1 ). This high basal activity of the hilA promoter was consistent with its 9-of-12-position match to the promoter consensus, namely, TTTACA-N16-TAAGAT. Addition of either HilC or HilD protein stimulated the production of the hilA transcript by two-to threefold when they were incubated with the DNA before ( Fig.  1 ) or together (data not shown) with RNAP. In replicate experiments, the average degree (Ϯ standard deviation) of stimulation by HilC, HilD, or both was 2.77 Ϯ 0.96, 2.35 Ϯ 0.87, and 2.75 Ϯ 1.05, respectively. Both proteins were almost equally effective in vitro, with HilC slightly more active. No stimulation occurred when the HilC/D proteins were added 6 min after RNAP (Fig. 1) . No transcript was seen in the absence of RNAP, and the level of transcription and the extent of stimulation by the HilC/D proteins were greatly diminished when a linear DNA template was used (data not shown). The low basal activity of the promoter in vivo indicates the contribution of negative factors which are not present in the in vitro system. However, the finding that HilC/D proteins are not required for transcription from the hilA promoter is in contrast to the strong requirement for HilD for hilA-lac expression in cells lacking some of the negative factors (5) .
Requirement for HilC/D-binding sites. To examine the extent of the promoter region that is required for activation by HilC/D, the in vitro expression from templates carrying different lengths of the upstream region were compared. The basal level of transcription and the degree of stimulation by HilC or HilD were not significantly different for promoter regions which begin at Ϫ242, possessing HilC/D-binding sites A1 and A2; at Ϫ186 (data not shown); and at Ϫ100, possessing only site A2 (Fig. 2) . The Ϫ55 to ϩ90 template, which lacks site A2, showed a moderate decrease in basal activity and no stimulation by HilC/D. Thus, the presence of site A2 was sufficient for stimulation by HilC/D of in vitro transcription.
Comparison to hilA-lacZ expression. For comparison with the in vitro activities, three promoter fragments carrying the hilA promoter region beginning at positions Ϫ242, Ϫ100, or Ϫ55 and extending to ϩ505 were fused to the lacZ gene in the moderate-copy-number plasmid pRS415P (18, 26) . The longer length of the transcribed region was chosen to include the entire hilA leader which has significant impact on in vivo but not in vitro expression (unpublished data). These plasmids were introduced into serovar Typhimurium strain SL1344 and its ⌬SPI-1 derivative, SD11. Levels of ␤-galactosidase were determined after cells were grown under inducing conditions of static culture in Luria-Bertani medium (LB) plus 1% NaCl.
Expression of the full-length promoter fragment (Ϫ242 to ϩ505) was stimulated roughly 24-fold by the presence of SPI-1, presumably reflecting the action of HilC and HilD (Table 1) . A similar, 14-fold SPI-1-dependent stimulation was seen with the fragment truncated to Ϫ100. The roughly twofold difference in SPI-1-independent activity when comparing these two promoter fragments might suggest that some negative factors might bind in the upstream region between Ϫ242 and Ϫ100. Consistent with the in vitro expression, stimulation was almost absent in the fragment truncated to Ϫ55. The low activity remaining in the strains with SPI-1 deleted could reflect stimulation by RtsA (9) or the residual activity of the silenced promoter. The degree of stimulation by the presence of SPI-1-encoded factors seen in vivo was much greater than the twoto threefold stimulation by the HilC/D protein in vitro. These results are consistent with the action of HilC/D both as direct activators and as derepressors when the negative factors are present.
Effect of changes in ␣-CTD on hilA expression. The ␣-CTD domain of RNAP is involved in the response to AraC family and other transcription activators (15) . Presence of the ␣-CTD To extend these findings on the role of this domain, we tested the response to expression of a series of alanine substitutions in ␣-CTD. Elevated expression of an RpoA variant allows it to compete with wild-type RpoA for assembly into RNAP holoenzyme. If the variant is altered at a residue important for the response to an activator, this expression results in diminished transcription of the target promoter (14) . In preliminary experiments (data not shown), we tested the effect of overexpression of RpoA with the entire CTD beyond residue 256 deleted on hilA-lacZ activity under a variety of growth-inducing conditions. These conditions included combinations of different pHs and levels of NaCl, sodium acetate, or bile salts. The only condition under which we found that overexpression of rpoA⌬265 impaired hilA-lacZ expression was LB, pH 7.2, containing 1.5% bile salts (Sigma). A plasmid library of 69 E.
coli rpoA mutants expressing alanine substitutions between residues 255 and 329 under lac control (provided by T. Gaal and R. Gourse) was screened in serovar Typhimurium strain TF79 hha::Km hilA::Tn5lacZY (provided by B. Jones) grown overnight in static capped tubes at 37°C in that medium with ampicillin at 100 g/ml and 1 mM isopropyl-␤-D-thiogalactopyranoside. This strain lacks the potent negative factor Hha and exhibits elevated hilA expression (5) . Although the rpoA variants are from E. coli, the sequences of wild-type rpoA of E. coli and Salmonella are identical, and we are not aware of cases where the behavior of RNAP from these species differs. Expression of some rpoA variants affected hilA-lacZ expression. Alanine substitutions at positions 258, 264 to 268, and 296 (group 1) decreased hilA expression by 20 to 30% (Fig. 3) . Less-pronounced reduction (10 to 19%) occurred with other substitutions (group 2), including those at residues 257, 259, 261, 263, 271, 286, 287, and 299. A few substitutions resulted in elevated expression. The decrease in hilA expression upon expression of rpoA variants was much less prominent than was seen with other ␣-CTD-dependent activators, such as CAP, UhpA, and MetR (13, 19, 21) . This modest decrease is consistent with the high level of HilC/D-independent transcription that was seen in the in vitro assays.
To test whether the decrease in ␤-galactosidase levels reflects impaired transcription by RNAP with the variant ␣-CTD, in vitro transcription was carried out with three reconstituted RNAP holoenzymes carrying alanine substitutions at RpoA positions 265 and 296 (group 1) and at 299 (group 2). Purification of these reconstituted RNAPs was described previously (19) . The level of transcripts from the ␣-CTD-independent lacUV5 and RNA I promoters provided a measure of RNAP function. Under conditions where HilC/D stimulated hilA transcription by wild-type RNAP, the RNAP holoenzyme carrying the RpoA R265A and G296A substitutions showed a somewhat decreased basal activity and no stimulation by FIG. 2. Effect of upstream DNA on stimulation of hilA transcription by HilC and HilD proteins. Plasmid philA-242ϩ90txn, philA-100ϩ90txn, or philA-55ϩ90txn (1 nM) was first incubated with purified HilC or HilD protein (50 nm) for 6 min, as indicated, before addition of E. coli RNAP (0.25 U; USB). After another 6 min, NTPs were added together with heparin and single-round runoff transcription was allowed to proceed for 15 min. Amounts of the hilA and RNA I transcripts were determined by PhosphorImager quantitation, and their ratios are given. 
a Plasmids philA-242ϩ505L, philA-100ϩ505L, and philA-55ϩ505L were constructed by cloning the appropriate PCR-generated fragments of the hilA promoter into plasmid pRS415P to generate lacZYA transcription fusions. The plasmids were introduced by electroporation into serovar Typhimurium strains SL1344 (SPI1 ϩ ) and SD 11 (⌬SPI1). Cells were grown overnight in LB plus 1% NaCl in capped, static culture tubes at 37°C to an A 650 of around 0.6. ␤-Galactosidase activity was measured in triplicate by continuous assay in a microplate reader. Activity is expressed as ⌬A 415 per minute per A 650 . centered at position Ϫ73, but is not required for HilC/Dindependent expression. It was noteworthy that the only inducing condition where we found a dependence on ␣-CTD included bile salts as inducer, consistent with the complex control of this promoter and its response to many signals and regulatory proteins. Conclusions. The in vitro transcription properties of the hilA promoter confirm the complex character of its regulation. This promoter is active in the absence of repressive proteins and is only moderately (two-to threefold) stimulated by the HilC or HilD proteins. Both Hil proteins conferred similar levels of stimulation. Their activation of the promoter may play a secondary role to fine-tune hilA expression, compared to their involvement in the relief of the repression or silencing imposed by several negative factors. In addition, the activators can affect the invasion genes directly in addition to their effect on HilA levels (1, 9) . This multiplicity of regulatory effectors complicates analysis of in vivo expression and points out the value of both reporter and biochemical description of this promoter. Our findings show that ␣-CTD is important for HilC/D stimulation, but the overall effect of overexpression of ␣-CTD on hilA-lacZ expression was low, consistent with the model that there are multiple modes of regulation and that activation may be less important a contributor than relief of repression. The repressive proteins and the HilC/D and RtsA activators may respond to different environmental signals (2, 9, 23) . The reduction in hilA-lac expression by overexpression of the RpoA variant with the CTD deleted was seen only in cells grown in the absence of the repressive Hha protein and in the presence of the inducer bile salts. We cannot conclude how HilC/D proteins participate in hilA derepression, which will require analysis of the effect on transcription of both the positive-and negative-acting proteins. We have found that the hilA promoter has a more complex structure than previously recognized, with additional sites for regulatory intervention (unpublished data). In summary, stimulation of hilA transcription by the AraC/XylS family members HilC and HilD does exhibit the expected dependence on residues in ␣-CTD, but activation of transcription involves other ␣-CTD-independent processes as well. The very strong decrease in hilA-lacZ expression in the presence of the RpoA L289F variant is much different from that seen with the alanine substitutions used here and could reflect multiple effects on other regulatory factors.
